ABSTRACT Theileria parva is the etiologic agent of East Coast fever, an economically important disease of cattle in sub-Saharan Africa. This protozoan parasite is biologically transmitted by Rhipicephalus appendiculatus (Neumann) (Acari: Ixodidae). An understanding of the vectorÐparasite interaction may aid the development of improved methods for controlling transmission. We developed quantitative polymerase chain reaction (qPCR) and nested PCR (nPCR) assays targeting the T. parva-speciÞc p104 gene to study T. parva pathogenesis in two strains of R. appendiculatus that had previously been selected to be relatively more (Kiambu) or less (Muguga) susceptible to infection. Nymphs from both strains were fed simultaneously to repletion on acutely infected calves. Nymphs from the Kiambu strain showed signiÞcantly higher engorgement weights compared with Muguga strain nymphs. Immediately after engorgement qPCR conÞrmed that nymphal Kiambu ticks had signiÞcantly higher parasite loads at repletion than Muguga nymphs. By 12 d postengorgement, parasites were below quantiÞable levels but could be detected by nPCR in 83Ð 87% (Muguga and Kiambu, respectively) of nymphs. After the molt, adult feeding on naṏve cattle stimulated parasite replication in the salivary glands. PCR detected signiÞcantly more infected ticks than microscopy, and there was a signiÞcant difference between the two tick strains both in the proportion of ticks that develop salivary gland infections, and in the number of parasites within infected salivary glands. These data conÞrm that although both tick strains were competent vectors, Kiambu is both a signiÞcantly more susceptible and a more efÞcient host for T. parva than Muguga. The mechanisms that contribute to the levels of susceptibility and efÞciency are unknown; however, this study lays the groundwork for a comparison of the transcriptome of these tick strains, the next step toward discovering the genes involved in the tickÐparasite interaction.
Theileria parva, the etiologic agent of East Coast fever (ECF) of cattle, is an apicomplexan hemoprotozoan parasite that is biologically transmitted by Rhipicephalus appendiculatus Neumann in several African countries (Bishop et al. 2004) . ECF causes high mortality and morbidity in cattle and is considered to be an important constraint to the improvement of the livestock industry in eastern Africa (Norval et al. 1992) .
Transmission of T. parva is dependent upon the ability of the parasite to carry out its life cycle in the tick vector. In the bovine host the piroplasm stage infects host erythrocytes. Infected red blood cells are taken up by R. appendiculatus larvae or nymphs during blood feeding. Sexual reproduction of T. parva occurs in the tick midgut where the piroplasms differentiate into micro-and macrogametes and after fusion of the gametes in the gut lumen, a motile kinete develops and invades tick midgut epithelial cells. Subsequently, the kinete moves to and invades the salivary glands via the hemolymph and parasite development proceeds within the type III acinar cells of nymphal or adult salivary glands (Mehlhorn and Schein 1984, Voigt et al. 1993) . Feeding stimulates development of sporozoites in the salivary glands and these sporozoites are transmitted to cattle in the saliva. Transmission is strictly transstadial, meaning that after acquiring infection during larval or nymphal feeding the parasite is transmitted during the subsequent nymphal or adult stage (Ochanda et al. 1996, Mota and Rodriguez 2001) .
Before this work, quantitative detection of T. parva infection in ticks was limited to observation of in-fected acini in dissected salivary glands, visualized by microscopy using FeulgenÕs stain (Buscher and Otim 1986) . Quantitative methodologies have not previously been available for gut stage parasites. The capacity of tick vectors to acquire salivary gland infections with tick-borne pathogens is inßuenced in part by the level of parasitemia at the time of tick feeding , Futse et al. 2003 , Ueti et al. 2005 ). However, not all ticks are infected to the same extent and the failure of some ticks to acquire salivary gland infection seems to occur at the level of the midgut. Invasion of the midgut epithelium is therefore likely to be a key determinant of vector competence (Rudzinska et al. 1982 (Rudzinska et al. , 1983 Mehlhorn and Schein 1984; Friedhoff et al. 1990) .
Two selected strains of R. appendiculatus that exhibit higher (Kiambu) or lower (Muguga) levels of salivary gland infection when fed on T. parva infected cattle have been developed and are available for study at the International Livestock Research Institute (ILRI) (Young et al. 1995) . Although the differences between these two tick strains are referred to collectively as a difference in "susceptibility" (Young et al. 1995) , the mechanisms that contribute to these differences are not known. Susceptibility was originally deÞned as presence and quantity of T. parva infection in the salivary glands identiÞed using light microscopy (Buscher and Otim 1986) to monitor the number of infected salivary gland acini per tick (Young et al. 1995) . The data seem to show both differences in susceptibility (proportion of ticks that acquire infection) and in efÞciency (the number of infected acini within an infected tick) between these two tick strains (Young et al. 1995) . To make a more detailed comparison of the pathogenesis of infection in these two strains we have developed a quantitative real-time PCR (qPCR) assay based on the gene encoding T. parva p104-kDa antigen (Iams et al. 1990 ) for detection and quantiÞcation of T. parva in guts of engorged nymphs and dissected salivary glands of adult ticks. The data conÞrm that the Kiambu tick strain is highly susceptible to salivary gland infection, whereas the Muguga tick strain is signiÞcantly less susceptible, and provide the Þrst quantitative evidence that this may be related to events in the gut. Data from this quantitative assay lay the groundwork for the next step toward discovering the genes involved in the tick-parasite interaction, comparing the transcriptome of these two tick strains.
Materials and Methods
Infection of Cattle with a T. parva Muguga Sporozoite Stabilate. Bos indicus (Boran) calves aged 6 Ð 8 mo, raised and maintained under a strict regime of acaricidal control, were used. Cattle were held in open paddocks for infection and subsequently housed individually in isolated moated pens during tick challenge. Calves were infected subcutaneously with 1 ml of stabilate #3087 containing an estimated 5.9 ϫ 10 4 sporozoites of T. parva Muguga strain (Brown et al. 1977 , Di Giulio et al. 2009 ). Additional Boran calves were used as uninfected controls. After infection, cattle were examined daily; rectal temperatures were recorded and ear vein blood smears and lymph node biopsy smears were examined from day 5 postinfection to monitor the course of the infection. All animal experiments were carried out in accordance with procedures approved by ILRIÕs Institutional Animal Care and Use Committee.
Rhipicephalus appendiculatus Tick Strains. The R. appendiculatus Muguga tick stock was originally collected from the central highlands of Kenya in the 1950s and has subsequently been maintained at the East African Veterinary Research Organization-Kenya Agricultural Research Institute and at the ILRI tick laboratories (Bailey 1960) . The Kiambu stock was isolated from the same geographical region in 1992 (Young et al. 1995) and subsequently maintained at ILRI. The strains used in the current experiments were derived through the pooling of siblings from three family lines that had high susceptibility to infection (Kiambu) and three family lines that had low susceptibility to infection (Muguga). Ticks were reared by feeding on rabbits and infected and uninfected ticks maintained in an incubator at 24 Ϯ 1 and 28 Ϯ 1ЊC, respectively, with 80% RH.
Two thousand clean R. appendiculatus nymphs from each of the tick strains were applied to the infected calves on day 13 postinfection in so that the peak of T. parva piroplasm parasitemia would coincide with nymphal repletion; the same numbers of ticks were fed on an uninfected host for comparison. Nymphal ticks fed to repletion 5Ð 6 d postattachment. Nymphs were collected for gut samples containing the ingested bloodmeal at both repletion and 12 d postrepletion. Replete nymphs were collected and incubated in an incubator at 24 Ϯ 1ЊC with 80% RH until dissection or molting. A sample of 100 freshly replete nymphs for each tick strain and treatment group (i.e., infected and uninfected) was weighed in 10 groups of 10 nymphs.
Feeding of Adult Ticks on Naïve Cattle to Stimulate Sporozoite Maturation. Previous studies on T. parva (Kimbita et al. 2004) and Babesia bovis (Howell et al. 2007 ) development within their respective tick vectors have demonstrated that host feeding provides a better stimulus for sporozoite development than incubation at 37ЊC alone and is therefore essential for accurate determination of salivary gland infection rates. Consequently, adult ticks were placed under a cloth patch on a naṏve calf and allowed to feed for 4 d to stimulate the development of T. parva within the tick salivary glands. Partially fed adult ticks were removed from the host after 4 d of feeding and dissected individually. The paired salivary glands from each individual tick were separated and one salivary gland from each pair was used for detection of T. parva infection by light microscopy according to the method of Buscher and Otim (1986) , whereas the other salivary gland from each pair was used to quantify the parasite levels by qPCR.
DNA Preparation from T. parva-Infected Bovine Blood, Whole Nymphal Ticks, and Adult Tick Salivary Glands. Blood samples were collected during nymphal acquisition feeding corresponding to days 12Ð18 postinfection. During this time the piroplasm parasitemia ranged between 0.2 and 2.6%. Genomic DNA samples were extracted from a 200-l aliquot of bovine blood by using the DNeasy blood kit (QIAGEN GmbH, Hilden, Germany) following the manufacturerÕs instructions, and the DNA samples were eluted in 40 l of buffer AE and stored at 4ЊC. For tick samples, genomic DNA was prepared individually from 30 freshly engorged nymphs, 30 nymphs that were 12 d postengorgement and from 60 individual adult tick salivary glands dissected after 4 d of adult feeding by using the DNeasy tissue kit (QIAGEN GmbH) according to the manufacturerÕs instructions. The puriÞed DNA was then eluted in 30 l of buffer AE and stored at 4ЊC. Determination of T. parva Infection Levels in Infected Bovine Blood, Engorged Nymphs, and Adult Salivary Glands. Before quantifying the level of T. parva in the blood, engorged nymphs, and the salivary gland of adult ticks, we determined the presence of the parasite genomic DNA by nested PCR (nPCR) targeting the single copy gene encoding the p104 antigen (GenBank accession M29954) (Iams et al. 1990) . PCR conditions and the primers in the primary reaction mixture were as described previously (Skilton et al. 2002) . Primary PCR was performed in a total volume of 30 l containing PCR buffer, 2.5 mM MgCl 2 , 10 mM dNTP mix, 20 pM each primer, 2.5 U of Fast Start TaqDNA polymerase (Roche Applied Science, San Francisco, CA), and 2 l (Ϸ5 ng) of puriÞed template DNA. The PCR reaction was run in an Eppendorf Mastercycler Gradient under the following conditions: 94ЊC for 1 min followed by 40 cycles of 94ЊC for 1 min, 60ЊC for 1 min and 72ЊC for 1 min, plus an additional 9 min at 72ЊC after the last cycle. The reaction mixture for the nested ampliÞcations was the same as for the primary PCR except that it contained a 1-l aliquot of the primary PCR product as the template in a total reaction volume of 30 l. The nested forward and reverse primers were 5Ј-GGC CAA GGT CTC CTT CAG ATT ACG-3Ј and 5Ј-TGG GTG TGT TTC CTC GTC ATC TGC-3Ј, respectively (Konnai et al. 2006) , resulting in ampliÞcation of a 277-base internal fragment. Cycling conditions for the secondary PCR were as described for the primary ampliÞcation except that the reaction was run for 30 cycles and the annealing temperature was 55ЊC. PCR products were resolved on 1% agarose and visualized under UV light after ethidium bromide staining.
After the detection of T. parva genomic DNA using the more sensitive nPCR assay, we used qPCR to determine the levels of parasites in the blood samples, nymphs and salivary glands. Not all nPCR positive samples have levels of parasite DNA that can be quantiÞed by qPCR. Quantitative real-time PCR, also based on primers derived from the p104 gene, was used to determine the number of organisms in infected blood, engorged nymphs and in tick salivary glands. For realtime ampliÞcation, forward (5Ј-CGC CTG AGC CAA AAG CTA GTA-3Ј) and reverse (5Ј-AAA TCA CCG AGG CCA TCG AAG-3Ј) primers were used to amplify a 231-base fragment located between bases 2888 and 3119 of the p104 gene. A 28-base p104 TaqMan ßuorogenic probe (5Ј-/56-FAM/ATT GTT GTG GAC GAT GAA GGC ACT GAG G /36-TAMRA/-3Ј), annealing to bases 3011Ð3038, was synthesized (Integrated DNA Technologies, Coralville, IA) and used for detection of target-speciÞc product. All qPCR reagents were purchased from Applied Biosystems (Foster City, CA), and reactions were performed in a total volume of 50 l containing PCR buffer, 1.5 mM MgCl 2 , 200 M each dNTP, 20 pM each primer, 0.1 M p104 TaqMan probe, 2.5 U of Hot Start AmpliTaq Gold polymerase, and 5 l of a 1:10 dilution of the puriÞed template DNA. The TaqMan assay was performed using an iCycler iQ5 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) under the following conditions: one cycle of 95ЊC for 10 min, 55 cycles of 95ЊC for 15 s, 60ЊC for 45 s, and extension at 72Њ for 7 min. A standard curve was constructed by ampliÞcation of 10 , and 10 2 plasmid copies of full-length p104 gene cloned into pMal-2 vector (New England Biolabs, Ipswich, MA), and all test samples were run in triplicate. The number of T. parva parasites was determined using the standard curve and presented as the average log 10 of the three samples.
Statistical Analyses. Data from the numbers of T. parva parasites between the two tick strains and the weights of engorged nymphs were analyzed by t-test preformed on log-transformed data after an F-test for homogeneity of variance (Sokal and Rohlf 1987) . Numbers of positive salivary glands detected by each of the three methods were compared using a G-test of independence with WilliamsÕ correction for sample sizes Ͻ200 (Sokal and Rohlf 1987) . In all cases, differences between groups were considered signiÞcant if probability values of P Ͻ 0.05 were obtained.
Results

Experimental Infection of Cattle With T. parva.
Macroschizonts were Þrst detected in lymph node biopsies on days 6 and 7 postinfection in the experimentally infected calves. R. appendiculatus nymphs from the two strains were applied simultaneously under separate feeding patches when piroplasms were Þrst detected in the circulation by microscopic examination of blood smears (day 12 postinfection). The parasitemia in two of the infected calves increased from 0.6 to 2.6% and 0.2 to 2.2% infected erythrocytes (calves BC051 and BC052, respectively) during the time course of nymphal acquisition feeding. Calculating from an estimated 7 ϫ 10 9 erythrocytes per ml blood, this should correspond to between 1.4 ϫ 10 7 and 1.8 ϫ 10 8 piroplasms/ml of bovine blood. Based on qPCR, the levels of infection in blood during nymphal tick feeding ranged from 8.72 ϫ 10 7 to 2.29 ϫ 10 8 (mean ϭ 8.12 log 10 , SD ϭ 0.16 log 10 ) copies per ml of blood for BC051 and from 3.49 ϫ 10 7 to 3.33 ϫ 10 8 (mean ϭ 8.14 log 10 , SD ϭ 0.37 log 10 ) copies per ml of blood for BC052, conÞrming that qPCR was in rela-tively close agreement with estimates of parasitemia based on counts of infected erythrocytes on blood smears. Calf BC048 had a very low level of infection; although data on replete weight and amount of T. parva in engorged nymphs is provided (Tables 1 and  2 ), levels of infection in the blood of this animal were not calculated. Engorged nymphs began to drop from the T. parva infected calves on day 17 postinfection (5 d after nymphal attachment) and by day 18 for the uninfected control calves (6 d after nymphal attachment). Replete nymphs continued to drop from the calves for the next 3 d. Differences Between Tick Strains in Engorgement Weights. SigniÞcant differences in nymphal engorgement weights were observed between the two tick strains that had fed to repletion on both infected and control animals. The mean weight of 10 pools, each containing 10 engorged R. appendiculatus Muguga nymphs, showed signiÞcantly lower weight as compared with R. appendiculatus Kiambu (P Ͻ 0.0001), and the results were the same for either T. parva infected or uninfected hosts. In contrast, there were no signiÞcant differences in engorgement weights within the same tick strains that had fed on infected calves compared with the uninfected control calf (Kiambu, P ϭ 0.2413; Muguga, P ϭ 0.4108) ( Table 1) . This relationship was consistent for all ticks, regardless of the day they reached repletion. However, we did not take weights of unfed nymphs or adults from either of these strains; consequently, we could not determine whether the differences in engorgement weights between the strains is the result of a differences in the size of the ticks before feeding, or simply relates to the amount of blood taken in the bloodmeal.
T. parva Levels in Infected Engorged Nymphs. Total DNA was extracted from 30 individual freshly engorged nymphs from each of the tick strains, and tested for T. parva by using nPCR and qPCR. Detection of parasites in the whole freshly engorged nymphs at this time point is more likely to be related to the volume of blood acquired in the nymphal bloodmeal, not a reßection of actual tick infection. Parasite DNA was detected by nPCR in all 30 individual freshly engorged nymphs from each strain conÞrming that all the nymphs placed on the infected calves were exposed to T. parva infection. However, using qPCR more parasites were detected in blood meals of the Kiambu nymphs than in Muguga nymphs ( Table 2) . The difference in numbers of organisms between the two tick populations ranged from 1.5 times as many organisms in engorged Kiambu nymphs compared with Muguga nymphs for BC052Ð3.6 times for BC048. The difference for all three calves was highly significant (t-test; see Table 2 for P values).
Comparative Analysis of nPCR and qPCR Applied to 12-d Postengorged Nymphs. After digestion of the bloodmeal, the level of parasites within the nymphal stage is expected to decrease. Nested PCR was able to detect T. parva in the DNA prepared from these 12-d post engorged nymphs (Fig. 1 ) in 87% (26/30) and 83% (25/30) of the ticks tested from the Kiambu and the Muguga tick strains, respectively. There was no signiÞcant difference between the two tick strains in the number of ticks that were nPCR positive for T. b Five ticks were nPCR positive but were below levels that could be quantiÞed in our qPCR.
c Seven ticks were nPCR positive but were below levels that could be quantiÞed in our qPCR. Fig. 1 . Detection of T. parva in nymphal R. appendiculatus ticks using a nPCR assay based on the p104 gene. The gel shows a sample of nPCR products generated from ticks that were negative for T. parva infection by using a quantitative PCR assay based on the primers derived from the same gene. Lanes 1Ð7 contain a 277 base T. parva amplicon generated from individual infected R. appendiculatus Kiambu (A) and R. appendiculatus Muguga (B) nymphs; lane 7 in panel B represents a true negative sample. Lane 8 is a negative control without template DNA. Lane 9 is a PCR-positive control in which 5 ng of puriÞed T. parva DNA was used as template.
parva at this time point (G-test of independence with WilliamÕs correction; G adj ϭ 0.1239, P Ͼ 0.05). However, the level of parasites within all engorged nymphs after 12 d of incubation was below the threshold for detection by qPCR.
T. parva Infection Levels in Salivary Glands After Sporozoite Maturation Feeding. After 4 d of adult feeding on an uninfected calf to stimulate sporozoite maturation in the salivary glands, ticks were removed and dissected. In total, 60 ticks were dissected, 20 males and 20 females from the Kiambu strain and 10 males and 10 females from the Muguga strain. One salivary gland from each pair was stained for microscopic examination (Buscher and Otim 1986) and DNA was extracted from the other for PCR detection of T. parva. After maturation feeding, the proportion of ticks with T. parva parasites in their salivary glands differed between the two tick strains, with signiÞ-cantly higher infection rates observed in the Kiambu strain than in the Muguga strain (Table 3) . Combining males and females, 35% (14/40) of Kiambu ticks were positive by microscopy compared with only 5% (1/20) of Muguga (G-test of independence with WilliamÕs correction; G adj ϭ 7.431, P Ͻ 0.01). Using nPCR 80% (32/40) of Kiambu were positive compared with 30% (6/20) of Muguga (G adj ϭ 13.944, P Ͻ 0.001). Overall comparison (combining males and females from both tick strains) of microscopy, nPCR and qPCR revealed that 25% of salivary glands were positive by microscopy, whereas 51.7% were positive by qPCR and 63.3% by nPCR. Both nPCR and qPCR were signiÞcantly more sensitive (G adj ϭ 18.148, P Ͻ 0.001 and G adj ϭ 9.048, P Ͻ 0.01, respectively) compared with microscopy, and although nPCR was able to detect T. parva in more of the qPCR and/or microscopy negative samples the difference in sensitivity between nPCR and qPCR was not statistically signiÞcant (Table 3 ; Fig.  1 ). Both molecular methods detected approximately equal numbers of infections in males and females, and although overall, microscopy detected twice as many infected females as males the difference was not signiÞcant (G adj ϭ 2.177, P Ͼ 0.05) ( Table 3) .
Because only a small number of the Muguga ticks that had sporoblast infections in their salivary glands could be quantiÞed by qPCR (3Ǩ/2() it is necessary to combine males and females to perform a meaningful statistical test; the mean number of parasites per salivary gland pair for this group of Þve ticks was 3.41 log 10 (n ϭ 5, SD ϭ 0.37). For comparison, combining males and females for the Kiambu ticks that were positive with sporoblast infections in their salivary gland (13Ǩ/13() resulted in a total sample of 26 ticks with an average of 4.35 Log 10 (n ϭ 26, SD ϭ 1.35). The 0.94 log 10 difference between these two groups (8.7-fold) was highly signiÞcant (t-test with unequal variance, P ϭ 0.00579). Cattle that served as hosts for maturation feeding of infected adult ticks went on to develop T. parva infections, conÞrming that both tick strains are competent vectors.
Discussion
T. parva is a tick-borne pathogen that is biologically transmitted from infected to naṏve susceptible hosts after pathogen ampliÞcation within the salivary glands of its primary tick vector R. appendiculatus. Transmission efÞciency is dependent upon the ability of the pathogen to survive and undergo sexual reproduction in the tick midgut lumen followed by invasion of the midgut epithelium, and then subsequently moving to, invading and replicating in the salivary glands. Failure or reduced efÞciency of infection at any of these steps can lead to reduced prevalence of infection and/or reduced intensity of parasites in the salivary glands that are available for transmission.
In previous work using microscopic analysis of stained salivary glands, two strains of R. appendiculatus were selected that differ in the number of salivary gland acini that become infected. In this previous work, "susceptibility" was deÞned as the level of salivary gland infection; however, the data seem to show differences between these two tick strains in both the proportion of ticks that acquire infection (susceptibility) and in the number of infected acini within an infected tick (efÞciency) (Young et al. 1995) . One strain, Kiambu, was found to be highly susceptible, the other, Muguga was much less susceptible to salivary gland infection with T. parva (Shaw and Young 1994, Young et al. 1995) . Previous work did not attempt to deÞne the mechanisms involved in these strain differences. In this current work we have developed molecular tools to begin to understand the basis for the differences between the Kiambu and Muguga strains.
It has previously been observed that the level of piroplasm parasitemia in the vertebrate host is an important factor determining levels of infection in the salivary glands of adult ticks. Although there is an observed relationship between piroplasm parasitemia in cattle and ensuing sporoblast parasitemia in tick salivary glands, this relationship is vague and nonlinear. Higher levels of infection in the bovine host have been shown to result in greater numbers of ticks with infected salivary glands . Whether this is simply the result of the ticks ingesting increased numbers of piroplasms or if it is related to piroplasm density in the tick midgut is not known; however, our data suggest that increased numbers of piroplasms in the form of an increased amount of blood ingested, as opposed to a higher density of organisms, can result in a greater number of infected acini in the adult salivary glands. To shed additional light on this, it might be interesting to compare the salivary gland infections that result in smaller and larger sized ticks from within each tick strain to determine whether the amount of blood ingested is related to susceptibility for T. parva infection. Using the qPCR assay, we observed that the Kiambu ticks took in Ͼ1.5 times (and up to 3.6 times) as many parasites with their bloodmeal as the Muguga ticks (Tables 1 and 2 ). The signiÞcant difference in engorgement weights between the two tick strains suggests that the difference in numbers of parasites ingested is associated with the size of the bloodmeal ingested during acquisition feeding. It seems that Kiambu ticks ingested more blood than Muguga ticks during the acquisition feeding and, presumably as a result of this, our data show that a higher proportion of the Kiambu ticks develop the salivary gland infections necessary for transmission.
Another factor that may contribute to the acquisition efÞciency of these protozoan parasites is the ability of T. parva organisms to develop into the kinete stage that is capable of invading the cells of the midgut epithelium. After the development of sexual stages within the midgut lumen, the micro-and macrogametes fuse to form a zygote, the stage that is responsible for invasion of the midgut epithelial cells. Previous studies suggested that T. parva sexual stages and resulting zygote formation occurs within Ϸ12 d after engorgement. Analysis of engorged ticks 12 d after repletion conÞrmed the presence of T. parva genomic DNA in the guts of both tick strains. Because the ongoing digestion of the bloodmeal might destroy any organisms that are unable to invade the epithelium by 12 d post repletion, these results suggest that at this time point the infectious stages of T. parva have invaded the midgut epithelial cells. Because no replication occurs at this phase of the parasite life cycle, the low levels of parasites in the gut at this time (nPCR positive, but too low to quantify with qPCR) represent attrition of the population of parasites that did not undergo gametogenesis and fusion to form zygotes. The hostile environment within the tickÕs gut is likely to be a major deterrent in the development of the parasite within the vector. Previous studies have shown that during the process of engorgement, all of the various developmental stages and feeding phases of R. appendiculatus ticks secrete an acid phosphatase enzyme and nonspeciÞc esterase activity from secretory cells lining the gut epithelium into the lumen (Agyei et al. 1991; . The presence of acid phosphatase within the midgut would probably create a hostile environment for gametes and the T. parva developmental stages within the tick mid gut. This bottleneck in the parasite life cycle within the tick vector may represent a point at which genetic differences between the Kiambu and Muguga tick strains could inßuence the subsequent infection in the salivary glands.
Microscopy detected a lower percentage of infected salivary glands than either of the PCR-based assays, indicating that previous experimental analyses may have underestimated prevalence and abundance of T. parva in R. appendiculatus. Although we did not test the minimum number of parasites that were detectable using qPCR, the sensitivity seemed to be slightly lower compared with the nPCR assay. Therefore, in studies of Þeld-collected ticks, most of which typically contain only a single infected acinus (reviewed by Bishop et al. 2004) , the nPCR may be the assay of choice.
DNA ampliÞcation for detection of T. parva has been demonstrated to be a powerful tool both in the acute phase of infection and in carrier animals (Skilton et al. 2002 ). An important consideration for the successful development of a DNA ampliÞcation assay is the identiÞcation of an appropriate gene target. In the current study, the primers and TaqMan probe were based on the T. parva gene encoding the p104 rhoptry antigen. The region of the p104 gene that was used is highly conserved among a wide range of isolates within the species and importantly, is also speciÞc for T. parva relative to other species that are known to co-infect R. appendiculatus (Iams et al. 1990 , Skilton et al. 2002 . Although both nested and real-time PCR are useful for the analysis of clinical specimens and can potentially achieve similar levels of speciÞcity and sensitivity, major advantages of the qPCR assay are the ability to quantify the level of infection and the reduced risk of detecting false positives through crosscontamination (Mackay 2007 ).
In conclusion, although the Kiambu tick strain is much more susceptible to salivary gland infection compared with the Muguga tick strain, both were able to transmit T. parva to naṏve susceptible animals. These differences in the number of infected ticks observed may not be relevant to transmission because both strains were able to transmit during maturation feeding, however they may have a profound effect on the efÞciency of transmission. The mechanisms that contribute to the level of susceptibility of these two strains have not been identiÞed. The application of comparative genomics approaches targeting gut and salivary gland tissues from these two tick strains might yield valuable insights into the genetic basis of the observed differences in susceptibility to infection with T. parva. Comparison of gene expression proÞles between the Kiambu and Muguga tick strains during T. parva infection would be a logical next step toward understanding the vectorÐparasite interface, and might reveal relevant targets for a T. parva transmission blocking vaccines.
